We present optical spectra of the most luminous known QSO HS 1946+7658 (z em = 3.051). Our spectra have both full wavelength coverage, 3240 -10570Å , and in selected regions, either high signal to noise ratio, SNR ≃ 40 -100, or unusually high ∼ 10 km s −1 resolution, and in parts of the Lyα forest and to the red of Lyα emission they are among the best published. We find 113 Lyα systems and six metal line systems, three of which are new. The metal systems at z abs = 2.844 and 3.050 have complex velocity structure with four and three prominent components respectively.
INTRODUCTION
QSOs at high redshift are interesting because they existed long time ago, and their optical spectra contain several absorption systems with metal lines and many hundreds of Lyman-alpha (Lyα ) forest absorption lines. The metal systems arise from high redshift galaxies, which are usually too faint to see. We can measure many of the properties of their absorbing gas, including the ionization, chemical composition and velocity distribution, but usually not the density or size, and we want to know what these absorbers can tell us about young galaxies.
The main issues with the high redshift Lyα forest lines, are their column densities, ionization, metallicity, velocity dispersions, clustering and origins. We originally proposed that high redshift Lyα systems are intergalactic clouds (Sargent et al. 1980 ), but our recent work on clouds at low redshifts z ≤ 1 have shown that at least 35±10%, and probably 65±18% of these Lyα forest systems arise from the outer regions of normal galaxies (Lanzetta et al. 1994) .
Studies of both the metal lines and the Lyα forest lines require high resolution spectra, because we need to resolve the absorption lines, which are typically 10 -40 km s −1 wide, to get reliable column densities. Unfortunately only a hand full of the 350 known QSOs at z em ≥ 2.8 are bright enough for echelle spectra with 4-m telescopes.
Here we present FWHM=10 km s −1 echelle spectra of QSO HS 1946+7658, which is the most luminous known QSO, with V=15.85 ) and z em =3.051 (our new value). Prior to Keck, only two other QSOs have been observed at higher resolution (Q2206−199N at FWHM=6 km s −1 by Pettini et al. 1990a ; and Q1100−264 at FWHM=8.5-9 km s −1 by Carswell et al. 1991) , and a few others at lower resolutions (Q2126−158 at FWHM=14 km s −1 by Giallongo et al. 1993 ; Q0014+813 at FWHM=20 km s −1 by Rauch et al. 1992 ; Q0420−388 at FWHM∼33 km s −1 by Atwood et al. 1985 ; Q2000−330 at FWHM∼33 km s −1 by ; HS 1700+6416 at FWHM∼35 km s −1 by Sanz et al. 1993) . Our spectra have the highest signal to noise ratio per Angstrom redward of Lyα emission line, where metal lines predominate.
In this paper we present new data on the Lyα forest and the metal systems.
Lyman-alpha Forest
Our first goal is the study of the column densities, velocity dispersions and redshift distribution of the Lyα forest absorption lines. Pettini et al. (1990a, hereafter PHSM) claimed that most Lyα forest clouds have Doppler parameter b ≤ 22 km s −1 , and that b correlates with column density N (H I). They interpreted their results to imply that (1) b values are largely determined by bulk rather than thermal motions, and hence (2) the Lyα forest clouds may be mostly cold (T ≤ 5000 -10,000 K), thin, dense filaments or sheets. Their results imply that the typical Lyα forest cloud is 10 −5 pc thick, which is uncomfortably low and contradicts the usual belief that the clouds are highly ionized with temperatures of T ∼ 3 × 10 4 K and typical sizes of 10-100 kpc (Sargent et al. 1980 ). This issue has been discussed in several recent papers. Carswell et al. (1991) and Rauch et al. (1992) did not see the N (H I)-b correlation in Q1100−264 and Q0014+813 respectively. Rauch et al. (1993) re-analyzed the original PHSM spectrum of Q2206−199N and confirmed the appearance of both the N (H I) -b correlation, and the very narrow lines, but their simulations showed that both were probably artifacts of low SNR.
Metal Abundances
Our second goal is the study of the velocity structure and especially the metal abundances of the metal line systems. There are six main obstacles on the path to metal abundances.
frequently need an ionization model to estimate the column densities of ions which are not seen, as we will do here in §4.2.5 for a damped Lyα absorption (hereafter DLA) system.
Depletion.
There is now good evidence that significant proportions of the refractory elements in some DLA systems are in dust. Fall & Pei (1989) have clearly shown that QSOs with DLA systems have redder continua, which implies typical dust to gas ratios of 5 -25% of that in the Milky Way.
Absorption lines give gas phase abundances, which can be very different from total abundances, because in the local ISM up to 99% of refractory elements like Cr, Al, Ca, Ni and Ti are in dust, and only 1% remain in the gas. The Fall & Pei results then imply that 4 -20% of the refractory elements will be in the gas phase.
The level of depletion can be estimated from the ratios of the abundances of refractory to non-refractory elements. Rauch et al. (1990) found that the metal abundance in a DLA system at z abs = 2.076 toward QSO 2206−199N is very low [Si/H] ≤ −2.4, without much depletion onto dust. 5 Pettini et al. (1990b) advocated the Cr/Zn column density ratio because (1) in our Galaxy Cr depletes readily while Zn does not, (2) both elements have lines with oscillator strengths which are low, and we hope low enough that only the component with the largest column density will be seen, and (3) the lines have similar rest wavelength's. Recently Pettini et al. (1994) measured Cr/Zn ratios in seventeen DLA systems. They found gas phase abundances of about 0.1 solar for Zn, and depletions which left 16% of the Cr in the gas phase, compared with 1% the local ISM, which is consistent with the implication of Fall & Pei's results.
6. Interpretation. There are two main problems of interpretation. First we do not know where the absorption is occurring, and we expect abundances to vary both from galaxy to galaxy and within a galaxy at a given epoch. Second, the abundances can be weighted many ways: for example, we can (1) take only the highest abundance in a system, (2) average all components in a system, which may be one galaxy, or a group of galaxies, (3) calculate the cosmological average abundance, which is the mean cosmological density of metals divided by that of hydrogen.
The partial Lyman limit systems and the DLA systems are best suited for abundance work. The LLSs include all absorption systems with sufficient H I to be optically thick to the Lyman continuum and they include all DLA systems. Some LLSs have neutral hydrogen column densities 4 -5 orders of magnitude below those of the DLA systems, but the total hydrogen column densities can be comparable. It is very hard to get abundances for ordinary LLS with τ ≫ 1 because no QSO radiation is visible at λ< 912Å and there are not enough ions with lines at λ> 912Å to show the level of ionization. However there are 5 We use the usual notation [M/H] ≡ log (M/H) − log (M/H) ⊙ to compare measured abundance with solar values. numerous partial LLSs with τ ≤ 1 which do transmit radiation at λ< 912Å, and both the ionization and abundances can be measured in these systems using the numerous metal absorption lines at 500 ≤ λ ≤ 900Å.
The DLA systems are simpler. For them we normally assume that the velocity component with the strongest low ionization lines is completely neutral, and we ignore gas in all other velocity components, much of which is ionized.
We already know that the LLSs have a different abundance distribution from the DLA systems, because some LLSs are apparently metal free, but all DLA systems show metal lines.
Early work on LLSs abundances includes Steidel (1990) , who found typical gas phase metal abundances in eight LLSs at z abs ≈ 3 of [M/H] ∼ −2.5, and Sargent et al. (1990) Reimers et al. (1992) and Vogel & Reimers (1993) showed that far UV lines allow easy estimation of the ionization and hence abundances in partial LLS. For three systems at 1.8 ≤ z abs ≤ 2.4 they find abundances [C/H] = −1.7, −1.9, −2.3, and they see that both O and N are over abundant with respect to C: [O/C] = 0.6, 0.8, 0.9, and [N/C] = 0.4, 0.8, 0.8.
Contents of This Paper
We describe the spectrograph and the data reduction in §2 and §3. In §4 we discuss individual metal line absorption system, and we estimate the gas phase metal abundance for the DLA system at z abs =2.8443. In §5 we discuss the column density N (H I), Doppler parameter b distribution and the N (H I) -b correlation for the Lyα forest clouds. We summarize our results in §6.
All wavelengths in this paper are vacuum values, and all observed wavelengths have been reduced to the solar rest frame. We use H 0 =100 km s −1 Mpc −1 and q 0 =0.5 where necessary.
SPECTROSCOPIC OBSERVATIONS
Here we present spectra of quasar HS 1946+7658 with intermediate resolution (FWHM ∼ 1.9Å -5.3Å), from 3240Å to 10570Å, and high resolution (FWHM ∼ 10 km s −1 , or ∼ 0.14-0.24Å) from 4220Å to 7251Å. Table 1 is a journal of observations. All spectra described in this paper were obtained using the Lick 3-meter Shane telescope. The intermediate resolution spectra were obtained in 11.56 hours with the Cassegrain Kast Double Spectrograph during a QSO identification program described by Tytler et al. (1993) , and the Coudé Hamilton Echelle spectra were obtained in 11 hours during two nights, one in 1992, and the other in 1993.
2.1 Kast Spectra with 1.9 -5.3Å FWHM The superb new Kast Cassegrain double spectrograph records blue and red spectra simultaneously. We used a dichroic beam splitter with a nominal wavelength of 4600Å. The red side (4000 -11000Å) light path is identical to the former Lick Cassegrain UV Schmidt spectrograph (Miller & Stone 1987) , with a silvered mirror collimator, reflection gratings and a Schmidt camera. The blue side (3000 -7000Å ) has an identical (aluminized) collimator, transmission grisms, and a refracting camera. Thinned Reticon 1200×400 CCDs were used in each of the cameras, with nine electrons readout noise on the red side and seven on the blue.
In Table 1 we describe the five setups, A to E, which we used to cover the wavelength range from 3240 -10570Å. We used 1.5 arcseconds slit for all Kast observations, and we rotated the spectrograph to align the slit with the mid-exposure parallactic angle. The sky was clear and the seeing ranged from 1.3 to 2.0 arcseconds with an average 1.6 arcseconds.
Hamilton Echelle
The Hamilton Echelle Spectrograph is described by Vogt (1987) and Misch (1991) . This instrument lives in the Coudé room, is fed by the Coudé focus of the 3-m telescope. An off-axis mirror produces an 8.15-inch collimated beam which is dispersed by an 8 × 12 inch 31.6 g/mm echelle which has a blaze angle of 64.
o 7. The light is cross-dispersed by two UBK7 glass (UV absorbing) prisms, and is focused by a folded Schmidt camera. We used a thinned backside illuminated Texas Instruments 12 mm square 800 × 800 CCD with 15 µ pixels and seven electron readout noise. Ignoring slit losses, the telescope -instrumentdetector system has a measured throughput which rises steeply in the blue, from 0.2% at 3400Å , to 1% at 3800Å and 4% at 4200Å. It has a flat peak of 5.7% from 5000 -6200Å , and a gradual linear decline to 2% at 8200Å and 1% at 9400Å (Misch 1991) .
The CCD was binned 2 × 2 pixels on the chip prior to readout. A major advantage of an 8-inch beam on a 120-inch telescope is the ability to get high resolution with a large slit. The Hamilton has a (resolution) × (slit width) "throughput" of RS=50,600 arcseconds, which is slightly larger than UCLES on the AAT, and UES on the William Herschel, and HIRES on the Keck I, because they all have larger primary mirrors. But comparison between telescopes should actually be made using the dimensionless number, (RS/seeing), which incorporates the advantages of good seeing.
We took full advantage of the high throughput of this instrument with a wide 2.5 arcseconds slit, which projected to two binned pixels (2 × 2 × 15 µ = 60 µ) and gave an effective resolution of about two binned pixels which is 0.16Å, or 10 km s −1 at λ ∼ 4800Å. The exposures were centered on the meridian and the seeing was about 1.8 arcseconds. We did not use an image rotator or atmospheric dispersion corrector, so some blue flux will have been lost at the slit. The five mirror Coudé system was used because the quasar is above the 52 degree declination limit of the three-mirror train. We expect that the telescope throughput with the five-mirror system is only about 60% of that with the threemirror train because of the additional reflections and some misalignment between the three and five-mirror systems (Misch, private communications) .
In 1992 we took a single 4.97 hour exposure which covered 4220 -5260Å in echelle orders 135 -109. This had very low SNR in the blue (SNR = 1 per 0.07Å pixel at λ=4255Å ), but was good farther to the red (SNR=8 at 4930Å ).
In 1993 we took a 6 hour exposure of 4517 -7251Å (echelle orders from 126 to 79). In the overlap region from 4517-5260Å , half of which is in the Lyα forest, the SNR rises from 3 in the blue, to a peak of 16 at 4900Å in the Lyα emission line.
The echelle spectra have gaps between all orders because the 12 mm TI CCD is too narrow. In Table 2 we list the measured wavelength range of each order, and the SNR near the order center.
DATA REDUCTION
Data reduction was carried out with the NOAO IRAF software package. We reduced the intermediate resolution spectra in the usual way. We removed cosmic rays and divided by a flat field. The spectra were optimally extracted with a routine similar to that described by Horne (1986) . A 1 σ uncertainty array was also obtained. For wavelength calibration we used fifth or higher order polynomial to fit spectra of the Ne, He, Ar and Hg comparison lamps. The typical residual in the fit was about 0.1 -0.2Å, depending on resolution of the spectrum. We obtained an approximate flux scale by observing a spectrophotometric standard star although the absolute level of the flux scale is unreliable because we used a 1.5 arcseconds slit, and the standard star is much brighter than, and at different air mass from, the QSO. The spectra with overlapping wavelength coverage were rebinned to a common linear wavelength scale with about the same bin size as before rebinning, weighted by their variance , and summed. The resulting spectra are shown in Figure 1 (ae). The flux is f ν in units of micro-Jansky, and the wavelengths are vacuum heliocentric values. The data have not been smoothed, and we show individual pixels.
We reduced the high resolution echelle spectra in the same way. We extracted the spectral data using an optimal technique. Each order was extracted from about 4 binned pixels along the slit, while the background (sky plus dark current) was the average over four orders of the 5-6 binned pixels in the minima between orders. A 1 σ uncertainty array was also obtained. We used Th-Ar lamp spectra obtained before and after each QSO exposure to determine wavelength scale. Since each echelle order covers only about 30Å, we used a linear fits which gave residuals of less than 0.01Å.
We obtain only one spectrum each night. They differ in wavelength coverage, but there is substantial overlap in each of orders 126-109, where we combined them because they had similar SNR.
In Figure 2 we show all 31 orders which show absorption lines. The other 26 orders which are all redward of the Lyα emission line are not shown. All orders are divided by continua which are cubic spline fits. We ignored high sigma pixels, and fitted the splines to the mean continuum in apparently line free regions, but occasionally we had to add a point by eye to jump over strong absorption lines. The data have not been smoothed, and we show individual binned pixels.
Comments on the Spectra
A Lyman Limit system is clearly seen at λ∼ 3520Å in the setup-A spectrum ( Figure  1a ). In the setup-B spectrum most of the absorption lines are Lyα forest. A strong absorption feature at λ∼ 4673Å is the DLA line. The core of this line should go to zero flux but it does not, because of bad sky subtraction, which we were unable to correct.
Three percent CCD fringing can be seen from about 6600Å to 7100Å in the setup-D. We did attempt to correct for atmospheric absorption, especially the B band (6867Å), A band (7600Å) and OH absorption at 7160-7340Å, but the B and the A bands can still be seen in the setup-D spectrum at λ=6875Å and λ=7608Å. The absorption lines (No. 10, 11 & 12) in the setup D spectrum are probably not real because of atmospheric OH absorption. We did not correct the atmospheric absorption in the setup-E spectrum, which is dominated by the OH absorption at wavelengths 9000-9900Å.
Emission Lines
The setup-C spectrum covers the major emission lines: Lyα , N V, O I and Si IV + O VI]. Other emission lines such as C IV and C III are seen in the setup-D spectrum. In Table 3 we give the peak positions and the equivalent widths, corrected for absorptions, of the prominent emission lines. All the emission lines have extended blue wings and steep red wings, and none of the equivalent widths are well determined because the lines are weak or blended. There is no obvious peak for N V at λ∼5120Å, and Lyα has a double peak. The errors on the measurements of the line peak positions are typically 1-2Å. The errors on equivalent width are at least 10%. The ion laboratory wavelengths are adopted from Table 8 of Tytler & Fan (1992 
Absorption Lines
The absorption lines in the intermediate resolution spectra were analyzed using the techniques described by Young et al. (1979) and Tytler (1982) . The continuum was fitted with a cubic spline, and was sometimes adjusted to obtain a more precise fit, especially in emission line regions. The absorption lines were selected and measured only if they exceeded 4.5σ(W), where σ(W) is the random error in the measurement of the observed equivalent width W obs . In Table 4 we list the observed wavelengths, equivalent widths and their 1 σ uncertainties, as well as the SNR of the continuum and the line identifications.
We attempted to separate blended lines into their components. The equivalent widths tabulated for these components cannot be considered accurate, but the sum of the equivalent width should be good. In addition the errors on the wavelengths are probably larger than quoted for some partially blended lines
For the echelle spectral data we did not try to measure absorption line centers and equivalent widths. Instead we used χ 2 fits to determine the line centers. Since our spectral resolution allows us to identify the metal lines in the Lyα forest, we assume that most unidentified lines are Lyα .
Errors in the Wavelength Scale
Errors in the wavelength calibrations hinder the identification of absorption lines, especially in the low resolution spectra. Since the five intermediate resolution spectra overlap, we checked the wavelength scales.
We found 24 absorption lines in common in setups A and B, and we list the wavelengths for each in Table 4 . Their average wavelength difference is −0.07 ± 0.14Å, which is about 0.2 pixels.
We also found 15 absorption lines in common in both setups B and C. Since the setup-B spectrum has better resolution than the setup-C spectrum, we list only the setup B absorption lines in Table 4 , but the average wavelength difference is 1.05 ± 0.14Å. This is about one pixel shift, which is not unexpected because we are at the ends of the spectra.
To check our wavelength calibration in setup-E we measure atomic OH sky emission line wavelengths in our extracted sky spectrum, and compare them with the wavelengths given by Osterbrock & Martel (1992) . The average wavelength difference is ∆λ = 0.07 ± 0.04Å, with σ = 0.07Å.
Absorption Line Parameters
We have measured absorption line parameters such as absorption redshift (z abs ), Doppler parameter (b = √ 2σ) and column density (N), using Voigt profile fits to the echelle spectra. Each absorption line was fitted with a Voigt profile convolved with the instrumental profile and multiplied by the continuum. The line parameters z abs , b and N were determined from the minimum χ 2 . The fitting code includes the MINUIT package from the CERN library which uses several methods to find the global minimum. For further details on the minimization and error analysis methods see James & Roos (1975) .
We estimated the continuum for each echelle order with a cubic spline fit to spectral regions which were apparently line free. But in the wavelength region from 4665Å to 4700Å, where the damping wing of a DLA line covers the whole order, the continuum was estimated by comparing the line structure with the intermediate resolution spectrum, and with the continua of the neighboring orders. There is nearly zero flux at λ ∼ 4673Å in the core region of the DLA line.
In Table 5 , we list the results of our fits to these absorption lines, together with their cross identifications in the spectra from setups B, C & D. These fits are also shown in Figure 2 . We used the minimum number of components which gave an acceptable fit.
HEAVY ELEMENT ABSORPTION SYSTEMS
First we discuss the individual absorption systems in §4.1, then in §4.2 we estimate the metal abundance in the DLA system at z abs =2.8443 . Hagen et al. (1992) found three unequivocal metal absorption systems at z abs = 1.738, 2.843, and 3.048. They claimed that the Lyα absorption feature at ∼4670Å, which belongs to the 2.843 system, splits into several components. Our spectra confirm these three systems and we find three new metal line systems at z abs =1.1190, 2.6444, 2.8927, all with weak lines. We also see an LLS at λ∼ 3520Å which is part of the 2.843 system. Two of these absorption systems have multi-component structure. We now discuss each separately. Table 6 is a summary of the ion lines seen in each system. We omit the many lines which we identified in Tables 4 and 5 in the Lyα forest. Column densities and b values are given for lines in the echelle spectra.
Comments on Individual Absorption Systems
z abs =1.1190. -We identify a Mg II doublet (λλ2796, 2803) in the setup-C spectrum. The correspond strong Fe II absorption lines such as Fe II λ2382, λ2600, λ2344 are marginally visible at the expected positions, but they are too weak to be listed. The Voigt profile fit to the Mg II(λ2803) in order 96 (line No. 152) indicates that the line has b=11 km s −1 . The Mg II λ2796 line was not covered in our echelle spectra. z abs =1.7382. -This system is certain because we identify all five strong Fe II lines (λ2344, λ2374, λ2382, λ2586 and λ2600), Mg II (λλ2796, 2803; note that λ2796 is blended with the atmospheric A-band), and Al III λ1854. Blueward of the Lyα emission line we identify C IV (λλ1548,1550), Si IV (λλ1393, 1402), Al II λ1670, Fe II λ1608, Si II λ1526, Ni II λ1370, C I λ1656 and C I λ1329 lines. The C IV doublet lines are about half an Angstrom off with respect to Fe II lines, which is consistent with the wavelength calibration errors which we presented in §3.4. Some of the above lines in the Lyα forest region are blended with the lines of other systems.
This system may be damped, because we see weak Cr II lines, but the DLA line will never be seen because it is below the LLS at λ∼ 3520Å in the z abs = 2.844 complex. In the intermediate resolution spectrum two Cr II lines look real, but their strengths are reversed:
λ2056.25 (f=0.140, W obs = 0.14Å ), and λ2066.16 (f=0.0698, W obs = 0.17Å ). The third Cr line at λ2062.23 (f=0.105) is lost in the blue wing of line 11 in setup C.
In the echelle spectrum the Cr λ2066 has the same W obs = 0.17Å , but it is shallow and about 70 km s −1 wide, sufficient that it may be two lines, which would explain why it has a larger W than Cr II λ2056, which should be the stronger of the two. Our best guess is that λ2066 has W obs ≃ 0.09 -0.14Å. Cr II λ2056 is in an inter-order gap, and λ2062 has W obs ≃ 0.06Åwhich is weaker than expected. If the Cr II lines are real, then the column density is about 10 13 cm −2 with a range of about (0.6 − 2) × 10 13 cm −2 . Pettini et al. (1990b) found that the Cr abundance is about 0.01 of solar in one DLA system with column density log N (H I)=21.4, at z abs =2.3091, toward QSO PHL 957. Since most gaseous Cr will be Cr + in DLA systems, this means that gaseous Cr is underabundant by a factor of 100. The recent Pettini et al. (1994) study of 17 DLA systems with column densities of (1-60) ×10 20 cm −2 shows that the PHL 957 DLA is typical, and that the average DLA has an abundance of [Cr/H] < −1.75. With the above Cr II column density, and [Cr/H]=−2, the hydrogen column density would be N (H I) ∼ 1.7×10 21 cm −2 . Therefore the system would be a DLA if the Cr lines are real.
Order 101 of our echelle spectra covers Cr II(λλ2062, 2066) lines, but the SNR is not high enough for us to see the lines.
We see in the echelle spectra that the Fe II (λ2344, λ2374 and λ2600) lines all have simple velocity structure. Voigt profile fits to these lines give b=16 km s −1 . We estimate the gas phase abundance [Fe
z abs =2.6444. -We identify only the C IV doublet (λλ1548, 1550) absorption lines in this system. They are lines 146 and 149 in echelle order 101, although line 146 is slightly blended with a component of the absorption complex at z abs =3.05. In setup-C we only identify line 12 as the C IV(λ1550). The C IV(λ1548) line is embedded in the strong line 11. A fit to the line profile of the C IV doublet gives b=13 km s −1 . Line 27 in echelle order 129 is the Lyα absorption line. We find [C +++ /H 0 ] ∼ −0.5, although the H I column density is not very accurate because it is blended with other Lyα lines. We can not determine the total gas phase abundances because we did not know the ionization. z abs =2.844 4-component complex. -(z abs = 2.843 in Hagen et al. 1992) This system contains the conspicuous DLA line at λ∼ 4673Å. The echelle spectrum shows the damping wing of the line (4665Å -4700Å), and the intermediate resolution spectra show the H Lyman series lines up to Lyman-9 λ920. Metal ions including C IV (λλ1548, 1550), Si IV (λλ1393, 1402), Si II λ1526, C II λ1334 and O I λ1302 were all found redward of the Lyα emission line in setup-C. Other metal species such as Si II (λλ1190, 1193), O VI (λλ1031, 1037), Si II λ1260, Si III λ1206, N II λ1083 and C III λ977 were found in the Lyα forest region.
The echelle spectra cover most of the above lines, plus Al II(λ1670) and the finestructure line C II * (λ1335). These spectra also resolve most of the strong lines in the intermediate resolution spectra. In Figure 3 , we show that the system contains at least four velocity components at z abs =2.8434, 2.8438, 2.8443 and 2.8452. The z abs = 2.8443 components probably dominates the total column density because it shows the strongest low ionization lines. In the z abs = 2.8434 component the Si II(λ1526) line is very weak (line 150 in order 97), and would not have been identified if we did not know the redshift. We find that the Lyman limit edge at λ∼ 3520Å is associated with this DLA complex. In Figure 4 we show a simultaneous fit to the H Lyman series absorption lines at z abs = 2.8443 with log N (H I)=19.8 and b H =35 km s −1 . This shows that the LLS is associated with this absorbing cloud.
Column densities, velocity dispersions and abundances in this system are discussed in §4.2 .
z abs =2.8927. -This is a new system. In the intermediate resolution spectra we identify a secure C IV doublet (λλ1548, 1550), and in the Lyα forest region, the Si III λ1206 and C III λ977 lines. We also see the H Lyman series lines up to Lyman-10 λ919. The Lyα absorption line may blend with Lyα lines of two other systems in the echelle spectra. The C IV λ1548 line is apparently broad in echelle order 95, which we do not show because the SNR is very low near the line.
z abs =3.050 3-component complex. -In the intermediate resolution spectra we identify many metal species including C IV (λλ1548, 1550), Si IV (λλ1393, 1402), N V (λλ1238, 1242), C II λ1334 and Si II λ1260 redward of Lyα emission line, and Si III λ1206, O VI (λλ1031, 1036), N II λ1083, N III λ989, Si II λ989 and C III λ977 in the Lyα forest region. We also identify three strong lines: Lyα , Lyβ and Lyγ .
The Lyα absorption line (No. 97 in Fig. 1b ) is very strong compared to other Lyα forest lines. This suggests complex velocity structure, which we confirm in the echelle spectra, where we see three components at z abs =3.0483, 3.0495 and 3.0504 .
In order 112 two Si II λ1260 lines at 5104Å and 5105Å give redshifts z abs =3.0495 and 3.0503. They appear as a single strong line in setup-C (Figure 1c, line No. 5) . The N V λ1238 lines in these components are seen in order 114, although the z abs =3.0504 component is relative weak. The third component at z abs =3.0483 is seen from the C IV doublet in order 91, and also from Si IV(λ1393) in order 101, but the latter may be blended with C IV(λ1548) at z abs =2.6444.
The Lyα absorption line of the system at λ=4923Å (echelle order 116) is clearly saturated or a blend. We suggest that there are at least two components because it is slightly asymmetric. In Figure 5 we show the profiles of several metal lines in this absorption complex.
In Figure 1e we show the expected positions of the five strongest Fe II lines (λ2344, λ2374, λ2382, λ2586 and λ2600) in the four absorption systems with z abs > 2.5. Although we know that our wavelength scale is good ( §3.4), we do not see any of these lines, which is reasonable for the weak line systems at z abs =2.6444 and 2.8927, but for the absorption complexes at z abs = 2.844 and z abs = 3.050 it is a surprise because we see Si II lines. Perhaps iron is underabundant.
Metal Abundance of the z abs =2.8443
In Table 7 we give column densities and b values obtained by Voigt profile fits to the metal lines in this damped system.
H I Column Density
We can place four limits on the H I column density N (H I). 1. The Lyman continuum is completely absorbed to the blue of λ∼3520Å in Figure  1a , which indicates that the optical depth is τ LL > 3.0, and the neutral hydrogen column density is N (H I) > 5×10 17 cm −2 . 2. The equivalent width (W obs =21.67Å) of the Lyα absorption line in the intermediate resolution spectrum corresponds to log N (H I) ∼ 19.8 cm −2 for a damped line. 3. A Voigt profile fit to the red wing of the line in the echelle spectrum gives log N (H I) ≃ 20.2±0.4 cm −2 . We included components for the three adjacent Lyα forest lines (lines 80, 81, 82 in figure 2) in this fit, and we allowed the absorption redshift, the H I column density and b to vary for each component.
4. In Figure 4 we show that b H =35 km s −1 and log N (H I)=19.8 give a good fit to H Lyman series lines 5 -9. Most of the H Lyman series lines in this system may blend with Lyα lines of other systems, therefore the actual b H may be less than the value of 35 km s , which we list in Table 7 .
In Figure 6 we show curve of growth with log N (H I)=19.8 cm −2 and b=35, 41 km s for the H Lyman series is consistent with that of b = 41 km s −1 obtained from the curve of growth fit to the metal lines. We choose log N (H I)=20.2 cm −2 for the following abundance estimates, because the value of N (H I)≃ 19.8 from the intermediate resolution spectra is less accurate: the DLA line does not have zero flux at its center, so the W r is not reliable, and the fit to the Lyman series is not very sensitive to N (H I).
Column Densities of Metals
We saw in §4.1 that the z abs =2.844 DLA complex has four components spanning 150 km s −1 . The lines of the low ionization ions O I, C II, Si II and Al II are concentrated in the component at z abs =2.8443, which has an average b = 10 ± 1 km s −1 , while the high ionization ions C IV and Si IV are found mostly in the three other components. The absorption redshift of the DLA line is consistent with the low ionization component. This kind of dual structure is typical of DLA systems (Turnshek et al. 1989 ) which usually have both quiescent and turbulent components. These papers report that the quiescent component contains most of the H I, and produces most low ionization lines with a typical Doppler parameter b ∼ 15 km s −1 , while the turbulent component contains a small fraction of the H I, has complex velocity structure and has both high and low ionization absorption lines with a typical b > 30 km s −1 . We will assume that the velocity component at z abs =2.8443 contains most of the H I, and we will estimate metal abundances for this component alone. In the top of Table 7 we list the metal lines identified in this velocity component. We cannot estimate abundances for the other components because we do not know how much neutral or ionized Hydrogen they contain.
We identify four Si II lines (λ1190, λ1193, λ1304 and λ1526), but the strongest Si II (λ1260) line is blended with Lyα forest lines 107 and 108 in echelle order 118. The four Si II lines should give fairly accurate column densities because they have simple profiles, but they actually cover an order of magnitude. These differences are not significant, because all are within 1σ of the weighted mean and the χ 2 3 value of 4.11 would be exceeded 25% of the time. Therefore we use the weighted mean of log N (Si II)=13.2±0.3.
The only Si III line is λ1206. We tried to fit it with four blended components, but the b = 38 km s −1 for the 2.8443 component is large compared with the mean b = 10 km s
for the other lines in this component. Perhaps the Si III is mostly in the more ionized gas which gave the value of b=35 km s −1 that we obtained from the curve of growth fit to the H Lyman series lines.
Curve of Growth Check of Column Densities
We have also used the intermediate resolution spectra to check the column densities determined from the echelle spectra. In the lower half of Table 7 we give results from curve of growth fits to all the metal lines redward of the Lyα emission line in this DLA system. These column densities apply to all four components of the system. The single Doppler parameter is b = 41 ± 5 km s −1 , which is substantially larger than the b = 10 km s −1 of the z abs =2.8443 component, but is much less than the 150 km s −1 covered by all four components. This is because the curve of growth is determined by the C IV and Si IV doublets which have FWHM ∼ 40 km s −1 from the two strong component at z abs = 2.8434, 2.8438. This b value is close to the b H = 35 ± 5 km s −1 obtained from Voigt profile fits to the higher order H Lyman series lines 5-9 in the intermediate resolution spectra.
We find that the curve of growth column densities of O I, C II and Si II are all very close to the values which we obtained from the echelle data for the 2.8443 component. Jenkins (1986) showed that if there is one main component, which is not strongly saturated, which is the case here, then the curve of growth column density should be good. We show the curve of growth in Figure 6. 
C II * and the Gas Density
In §4.2.5 we will use the photoionization code CLOUDY (Ferland 1991) to determine how the abundances of the ions depend on ionization parameter Γ. The hydrogen number density n H is needed to estimate these parameters. The gas density in the cloud can be derived from the ratio of N (C II * )/N(C II) (Bahcall & Wolf 1968) . The existence of finestructure line C II * (λ1335) in this DLA system indicates that either (1) the gas density is large enough for collisional excitation of the fine-structure level, or (2) the ambient ionizing flux populates the fine-structure state (Bahcall & Wolf 1968) . The C II * finestructure level can be populated by other processes such as direct pumping by IR photons and recombination of C III (Morris et al. 1986 ), but since this system is a DLA system which has large H I column density, we consider only collisional excitation. Using the expression given by Morris et al. ,
and for n e ≈ n p ≈ n H we get,
The total column densities of C II and C II * give a hydrogen number density of n H ∼ 3.8 cm −3 . We regard the column density of N (C II * ) obtained from the echelle spectra as an upper limit because the line may be saturated or it may blended with other components.
The C II * line seen in the echelle data is very weak, and it is offset in velocity relative to O I, C II, Si II and Al II, so we wonder if it is real. The line is not visible in the intermediate resolution spectrum, with a 3 σ limit of W r =24 mÅ which corresponds to N (C II * )=1.3 × 10 13 cm −2 (assume it is on the linear part of curve of growth), but this is consistent with the detection in the echelle spectrum, and we are confident that the fine-structure line is real.
The line does not belong to any of the five other metal systems, and it is probably not C IV λ1548 or Mg II λ2796 because the doublet pairs are missing, but it could be C IV λ1550 or Mg II λ2803, because the doublet pair would then be in the inter-order gap.
The redshift of the C II * line with respect to C II(λ1334) line is small, only about ∼ 15 km s −1 , but it is three pixels and it is real because both lines are in the same echelle order and we see no problems with the wavelength scale, which is linear.
In Figure 7 we show the C II and C II * line profiles and the ratio
as a function of velocity with respect to z = 2.8443, which is near the center of the C II line. Here N (v)dv = N φ(v)dv and φ(v)dv = 1. The velocity shift indicates that the density or excitation temperature is higher at higher velocities. To calculate R(v) and the temperature or density gradients as a function of velocity we should first subtract the thermal line broadening, but we prefer to wait for Keck data with much higher SNR. Here we simply note that if the range is 0.1 ≤ R(v) ≤ 0.4, then the range of excitation temperature would be 32 ≤ T ex ≤ 100 K, the density would be 2.1 ≤ n H ≤ 8.4 cm −3 , and the DLA clouds would be 6 -25 pc thick, reasonable for a single cloud in a cold spiral galaxy disk. (The disk scale height is not the expected thickness, because the quasar light beam is too narrow.)
Level of Ionization
We used Ferland's photoionization code CLOUDY to calculate the expected column density of different ions as a function of photoionization parameter Γ ≡ n γ /n H . We used the Bechtold et al. (1987) "medium" spectrum for the incident radiation field (also see Steidel 1990), and a grid search to find the parameters which match our observed column density ratios. The column densities of N (Si II), N (C II) and N (O I) do not change much for a wide range of Γ because they are tied to N (H I), which we know. Their ratios do not give a good estimate of Γ, although they do give good metal abundance estimates. But N (Al II), N (C IV) and N (Si IV) depend on the ionization strongly, and their column density ratios should give a good estimate of the ionization.
We will use nine column density ratios selected from ions C II, C IV, O I, Si II, Si IV and Al II to estimate the ionization parameter in the DLA system at z abs = 2.8443. We note in Figure 3 that the C IV and Si IV lines at this velocity are not very significant, so we cannot fit Voigt profiles to get their column densities. Instead we measure 5 pixel (2×FWHM+1) equivalent widths and estimate column densities of log N (C IV) ≤ 13 and log N (Si IV) ≤ 12.6, which we list in Table 7 . These column densities are lower limits because we use the linear part of the curve of growth; but they would be an upper limits if most of the apparent absorption were noise.
We searched a grid region of log N (H I)=20.2 ± 0.4 and [M/H]=−2.6 ± 0.3 (from the next section) with a total hydrogen number density of n H = 2.45 cm −3 , the value which we estimated at z abs = 2.8443 (see figure 7) . We found a match to the column density ratios for log N (H I)=20.2, [M/H]=−2.8 and Γ ≃ −2.75 with a range of (−3.1, −2.5). In Table 8 we list these nine observed column density ratios, and the ionization parameter needed to match to the observed ratios. We also list the expected column density ratios at Γ = −2.75. In Figure 8 we show the expected column densities for four elements -C, O, Si and Al -for log N (H I)=20.2 and [M/H]=−2.8. We also show our measurements of the column densities of O I, C II, S II, Al II, C IV and Si IV. We see that at Γ = −2.75 C II is about ten times more abundant than C IV, and Si II is about 4.5 times as abundant as Si IV, in agreement with the observations. But we also see that the C II and O I are not the most abundant ions because C III (not covered by the echelle spectrum) is more abundant than C II and O III (not covered by either spectrum) is more abundant than O I.
The Metal Abundances in the DLA is Low
The column densities of absorption lines give gas phase abundances. In the top panel of Table 7 we see that the low ionization absorption lines dominate in this DLA system. If we assume that the N (H I) represents the total hydrogen column density, and that the column densities in Table 7 represent the total column densities of their elements, then we Is the abundance really this low? Perhaps we failed to resolve very low b velocity components, or perhaps the metals are depleted onto dust. Narrow components could not be seen in our data because the SNR is low and the line centers are black for C II λ1334 and O I λ1302 (Figure 3 ). The line center optical depth of these two lines are τ 0 = 2.12 and 2.54 respectively (Table 7) -just sufficient that a significant amount of gas could be missed in unresolved narrow components.
But we do believe that very little gas is locking in dust grains, because the abundances ratios are all close to cosmic. In Table 9 (Spitzer 1978; Jenkins 1987) . In this DLA system we do not see the enhancement of O with respect to C claimed by Vogel & Reimers (1993) ; we measure [O/C]=-0.06 for observed ions and [O/C]=0.2 after ionization correction.
Lyα FOREST ABSORPTION SYSTEMS
In this section we will discuss the column density, velocity dispersion distribution, and N − b correlation of the Lyα forest lines.
Number Density of Lyα Forest Lines
It is well established that the distribution of Lyα forest absorption lines is roughly proportional to (1 + z) γ , with γ between 2 and 3 for rest equivalent widths W r ≥ 0.36Å (Murdoch et al. 1986 , Tytler 1987a , Fan & Tytler 1989 , Lu et al. 1991 , Bechtold 1993 ). In our intermediate resolution spectra we find 25 Lyα absorption lines with W r ≥ 0.36Å between the Lyβ and the Lyα emission lines, excluding the DLA line region z abs =2.825 − 2.866.
Proximity Effect
Lines which have z abs ≃ z em should be more highly ionized on average, which is known as the proximity effect. The critical luminosity distance r L to a QSO is defined by (see eqs. 4, 6, 7 of Bajtlik et al. 1988 ):
where L 30 is L ν -the intrinsic QSO luminosity at the Lyman limit in unit of 10 30 (ergs s
Hz −1 ), and J −21 is J ν -the background radiation flux at the Lyman Limit in unit of 10
). This r L is the distance at which the local ionizing flux from the QSO is at least 10% of that from the IGM flux, or log ω ≥ −1 in terms of the notation of Bajtlik et al. Lyα forest lines which are closer than r L to the QSO should be more highly ionized, and hence they should show less H I.
For HS 1946+7658 we estimated that the continuum flux at 912Å of QSO rest frame (λ obs ∼3695Å) is about 1.45×10
−26 ergs cm −2 s −1 Hz −1 by extrapolating the continuum from redward of the Lyα emission line, which is consistent with the general V versus L ν (912) relationship of Tytler (1987a) for V=15.85 ) and z em =3.051. The proximity effect is then expected to extend to about 20 h 100 Mpc region, which is consistent with expectations from the previous cited data.
Lyα Line Density Away From the QSO
Beyond r L we expect 34 lines and see only 19, which is a 2.6σ deficiency. These lines lie in a redshift interval of ∆z = 0.533 (which excludes the DLA line region) from the range z abs =2.418 -2.992. The line density is dN /dz=36±8 at the mean absorption redshift of z =2.676. We obtained the expected number of Lyα lines from γ = 2.75 and N 0 = 1.74 of Lu et al. (1991) , but γ = 1.85 and N 0 = 5.4 from Bechtold (1993) give a similar result. We note that the line density is particularly low in the vicinity of the DLA system, and we wonder if this might be a general trend.
In Figure 9 we plot the Lyα line (W r ≥ 0.36Å) distribution, in co-evolving coordinate χ γ , for γ = 2.7, for 16 QSOs which all have DLA systems. They are ranked by their emission redshifts which are from z em = 2.08 to 4.11. The parts of the spectra which are obliterated by the DLA systems are indicated by the horizontal bars. The mean line density does appear to vary a lot on scales of χ γ ≃ 5, although previous studies have shown that there are no significant variations on scales larger than 5,000 km s −1 (Carswell & Rees 1987; Babul 1991; Webb & Barcons 1991) . We see that the lack of lines in HS 1946+7658 is most pronounced at high redshifts, as if the proximity effect extends far farther than we had thought, but we do not see a lack of Lyα lines around other DLA systems. For now we consider that the lack of lines is a statistical fluctuation, but we suspect that there are real variations in the line density.
Doppler Parameters and Column Densities in The Lyα Forest
There are 118 Lyα absorption lines in our echelle spectra, five of which are associated with metal systems. (Here we include lines influenced by the proximity effect). Of the 113 Lyα lines which do not show metal lines, 17 are sufficiently saturated or blended that a single Voigt profile fit does not give accurate column densities or velocity dispersions, but the other 96 appear unsaturated, by which we mean the line flux does not go to zero.
In Figure 10 we 
Proportion of low b lines
Lyα absorption lines with b ≤ 20 km s −1 are especially interesting because they come from clouds which are cool and have low internal motions. PHSM claimed that such lines were more common than had previously been believed. In Table 10 we summarize our data and other data with similar or better resolution from four other QSOs. We list the fraction of Lyα lines with b ≤ 20 km s −1 separately for log N (H I) above and below 13.5. Our mean b is in excellent agreement with the published values. When we include the saturated lines, and those in low SNR spectra, 43% of our lines with log N (H I) ≤ 13.5 have b ≤ 20 km s −1 . This is intermediate between the values of 22%, 29%, 50% and 53% of the four other QSOs, and the large QSO-to-QSO variation is easily understood because log N (H I)=13.5 is near the detection limit for b > 20 km s −1 , so a slight increase in the SNR will yield many more lines at low N . But at log N (H I) > 13.5, 33% of our lines have b < 20 km s −1 , which is much higher than the values of 5%, 6%, 10% and 20% found in the four other QSOs. We believe this is because our SNR is very low. At 4700 ≤ λ ≤ 4950Å where 8 ≤ SNR ≤ 16 we have 43 Lyα lines, and only 14% of these 29 lines with log N (H I) > 13.5 have b ≤ 20, which is consistent with published values.
When SNR ≥ 8, we believe that the b values from the Voigt profile fits are usually well determined, but only 2 out of 7 unsaturated lines with b < 20 km s To detect lines with a 4 σ limit with FWHM=0.2Å we need SNR ≥ 2.3 to get σ(W r ) ≤ 0.025Å at 4300Å. In all cases our spectra do have the SNR required to detect the listed Lyα lines at 4σ limit and most of these lines are also visible in the very high SNR intermediate resolution spectra. But neither of these conditions prevent the observed bias to low b values. Only much higher SNR can do that.
N − b Correlation
For the unsaturated Lyα lines (solid dots and crosses) we see a correlation between b and N (H I) with a correlation coefficient of 0.466, which has a chance probability of 1.7 × 10 −5 . This correlation is also seen in the unsaturated Lyα lines of Q2126−158 , their figure 4). But for all Lyα lines (all points) the correlation coefficient shrinks to only −0.02, which is not significant because it is expected in 86.3% of uncorrelated data sets. The N (H I) and b values clearly remain strong correlated, but not in the simple linear way which is required to give a non-zero correlation coefficient: a zero correlation coefficient does not mean there is no correlation. The correlation coefficient vanishes because the saturated lines have low b for their large N , which is especially true for the four lines with the largest N in the low SNR data (the large empty circles). We believe that we have overestimated the column densities of these lines. Rauch et al. (1993) used numerical simulation of the PHSM Q2206−199N spectrum to show that the apparent N − b correlation is an artifact of the low SNR (see their figures 13, 14) which does not require an intrinsic correlation. In their analysis the Lyα lines tend to move to lower b and N (H I), or to larger b and N (H I).
In Figure 10 , we can see that none of the unsaturated lines with b < 15 km s −1 are from high SNR data, and all but one of the saturated lines with b < 20 km s −1 are from low SNR data. For the 36 high SNR unsaturated lines (crosses) the N − b correlation coefficient is 0.427, which has a chance probability of 9.3 × 10 −3 , but if we remove the outlier at b = 80 km s −1 (line No. 85 in order 121) the correlation coefficient drops to only 0.316 with a chance probability of 6.4%, and if we keep the outlier and also add the 7 saturated lines (pluses) from the high SNR data the correlation coefficient drops farther to 0.169, with a 17% chance probability for an uncorrelated data set.
We conclude that our spectra are not well suited to a study of the N − b correlation. To study this, and the low b Lyα lines, we need higher resolution and much higher SNR.
SUMMARY
We have presented high (FWHM ∼ 10 km s −1 ) and intermediate (FWHM ∼ 1.9 -5.3Å) resolution spectra of QSO HS 1946+7658 from the Lick 3-m Shane telescope. Our spectra have amongst the best high resolution coverage of the metal lines to the red of the Lyα emission line.
We identified six metal and 113 Lyα absorption systems. The metal absorption complexes at z abs =2.844 and 3.050 have multi-velocity structure with 4 and 3 sub-components respectively, which span a total velocity intervals of less than 200 km s −1 . The absorption component at z abs = 2.8443 is a DLA system with H I column density log N (H I)=20.2 ± 0.4 cm −2 , an average b = 10 ± 1 km s −1 and [M/H]≃ −2.8. We used a photoionization model to obtain this abundance, since C III and O III are more abundant than C II and O I which we observed. The abundance ratios for C, O, Al and Si are all within a factor of two of solar, which suggests that there is not much depletion onto dust grains. We do not see an excess of O with respect to C, as was reported in a few absorption systems (Vogel & Reimers 1993 ).
In the DLA system, we find that the fine-structure C II * (λ1335) line is redshifted about 15 km s −1 with respect to the C II(λ1334) line, which indicates that there is a density or excitation temperature gradient within the absorbing cloud. We estimate the total hydrogen density 2.1 < n H < 8.4 cm −3 from which we estimate that the thickness of this damped Lyα clouds is about 6-25 pc, which is reasonable for a single cloud in a spiral galaxy disk.
Our Lyα forest line sample shows a considerable fraction of narrow lines with b ≤ 20 km s −1 . But most of these narrow lines are artifacts of our low SNR data. For the high SNR data we see the same number of narrow lines as do others with similar data. We agree with Rauch et al. (1993) that much higher SNR data is needed.
We see a correlation between column density N (H I) and Doppler parameter b for our unsaturated Lyα forest absorption line sample. But with the high SNR Lyα forest line sample, this correlation is less impressive and we cannot tell if it is real or an artifact of the low SNR.
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e There are gaps between all orders -see Table 2 .
f Per binned (2 × 2) pixels. a Measured from setup-C spectrum.
b See Table 8 in Tytler & Fan (1992) . a From 5 pixels equivalent width on the linear part of curve of growth.
b Blended with other absorption lines.
c Mean b used to get column density. ) setup-E. The flux is f ν , in units of micro-Jansky. We did not smooth the data, and we show individual pixels. Arrows show the emission line peak positions which we list in Table 3 . Fig. 2 Echelle spectrum of HS 1946+7658, normalized to unit continuum (histogram), and fitted Voigt profiles (smoothed solid line). We did not smooth the data, and we show each 2 × 2 binned pixel (∼ 0.09Å). , so some H I is extended in velocity space. 
